The fluids of Nepenthes pitcher plants are habitats to many specialized animals known as inquilines, which facilitate the conversion of prey protein into pitcher-absorbable nitrogen forms such as ammonium. Xenoplatyura beaveri (Diptera: Mycetophilidae) is a predatory dipteran inquiline that inhabits the pitchers of Nepenthes ampullaria. Larvae of X. beaveri construct sticky webs over the fluid surface of N. ampullaria to ensnare emerging adult dipteran inquilines. However, the interaction between X. beaveri and its host has never been examined before, and it is not known if X. beaveri can contribute to nutrient sequestration in N. ampullaria. Xenoplatyura beaveri individuals were reared in artificial pitchers in the laboratory on a diet of emergent Tripteroides tenax mosquitoes, and the ammonium concentration of the pitcher fluids was measured over time. Fluid ammonium concentration in tubes containing X. beaveri was significantly greater than those of the controls. Furthermore, fluid ammonium concentrations increased greatly after X. beaveri larvae metamorphosed, although the cause of this increase could not be identified. Our results show that a terrestrial, inquiline predator can contribute significantly to nutrient sequestration in the phytotelma it inhabits, and suggest that this interaction has a net mutualistic outcome for both species.
Introduction
Nepenthes is a genus of carnivorous pitcher plants that trap insect prey to supplement their nitrogen requirements. Specialized animals, many from the order Diptera, inhabit the pitchers of most Nepenthes species [1] , and facilitate the breakdown of prey carcasses into pitcher-absorbable compounds, which may then be absorbed directly by the pitchers [2] . These animals are known as inquilines, and their pitcher habitat as phytotelmata (sing. phytotelma; i.e. plant-held water bodies) [3] .
Xenoplatyura beaveri (Diptera: Mycetophilidae; figure 1 ) is a predatory dipteran inquiline that inhabits the pitchers of Nepenthes ampullaria [4, 5] . Larvae of X. beaveri construct sticky webs over the fluid surface of N. ampullaria (figure 1a) to ensnare emerging adult dipteran inquilines, mainly those of the Culicidae [4] and Phoridae (WN Lam 2017, personal observation). The niche of X. beaveri in pitcher-inquiline communities is comparable to that of other terrestrial, cross-habitat, inquiline predators such as the ant Camponotus schmitzi in Nepenthes bicalcarata [6] , and crab spider Misumenops nepenthicola in Nepenthes gracilis [7] . These predators live outside of the aquatic pitcher phytotelma, but feed on its aquatic dipteran inhabitants.
While the relationship between aquatic detritivorous inquilines and the pitcher plant host has been shown to be primarily mutualistic [2] , the relationship between terrestrial inquiline predators and their host is poorly understood. Scharmann et al. [6] argued that inquiline predation prevents the excessive export of nitrogen from the pitcher. Such a hypothesis is contingent upon the assumption that predatory pitcher inquilines return a significant fraction of consumed nitrogen to pitchers through nitrogenous wastes. Such an assumption remains unproven, as neither Scharmann et al. [6] nor Chua & Lim [7] demonstrated this in their studies on C. schmitzi and M. nepenthicola, respectively, while Fleischmann et al. [8] argued that some inquilines never return this nitrogen to their carnivorous plant hosts. Clarke & Kitching [9] speculated that C. schmitzi excreta returned a fraction of consumed nitrogen to their N. bicalcarata hosts, but their results showed that C. schmitzi presence in pitchers resulted in net reductions in fluid ammonium concentrations. In this study, we examine if a terrestrial inquiline predator such as X. beaveri can contribute to nutrient acquisition in pitchers, and discuss the net outcome of this interaction. As terrestrial predators are often the apex predators in phytotelma communities, understanding the contribution of terrestrial predators to nutrient cycling may provide novel insights into trophic complexity-ecosystem functioning relationships.
Material and methods
All collection of fluid and dipteran larvae was done at Nee Soon Swamp Forest (1822'29.93 00 N, 103848'40.63 00 E) in tropical, aseasonal Singapore Island, Republic of Singapore.
Five third to fourth instar larvae of X. beaveri were introduced into separate 50-ml Cellstar TM centrifuge tubes containing 3 ml of filtered N. ampullaria pitcher fluid. The diameter of a 50 ml Cellstar TM centrifuge tube (29 mm) is comparable to that of a large N. ampullaria lower pitcher. Paired controls were established with 3 ml of filtered N. ampullaria pitcher fluid but no X. beaveri larvae.
Larvae of the mosquito species Tripteroides tenax were collected from Nepenthes spp. in the field and reared in the laboratory on commercial fish food (Sera Bit Basic; Sera, Heinsberg, Germany) until they pupated. Tripteroides tenax pupae were washed three times in reverse osmosis water and transferred into X. beaveri-containing and control tubes at regular intervals over the course of the experiment. Emergent T. tenax adults were trapped by X. beaveri and consumed, while those in the control were removed. As the number of T. tenax prey consumed by X. beaveri before pupation varied between individuals, the number of T. tenax pupae transferred into control tubes was likewise manipulated so that they were directly matching the numbers of T. tenax fed to X. beaveri larvae in the paired treatment tubes. Feeding with T. tenax was stopped once X. beaveri larvae pupated. Tripteroides tenax pupae that died in the tubes were immediately replaced with live pupae.
Fluid ammonium concentrations were measured to quantify the nitrogen available to pitchers in the experiments. Of note, 100 ml aliquots of the pitcher fluids were removed at threeweek intervals for the testing of fluid ammonium concentrations, which was determined using a salicylate assay as done in [2] . The final reading for each X. beaveri -control pair was taken after the X. beaveri individual metamorphosed. This resulted in two or three observations per X. beaveri individual used (with an equal number for its control pair).
Randomly selected experiments were also monitored using a Legria HF R28 video camera (Canon, Ota, Tokyo), in order to document X. beaveri feeding behaviour.
(a) Statistical analyses
Fluid ammonium concentration was modelled using linear mixedeffects models against the fixed effects of treatment (X.
number and pair number were also included to account for repeated sampling and batch (pairing) effects, respectively. Akaike's information criterion with correction for small sample sizes (AICc) was used to select for the best model out of the set of models containing all possible combinations of the fixed effects. All analyses were performed in R v. 3.4.0 [10] .
Results
Xenoplatyura beaveri consumed all emerging T. tenax adults, and in a few rare cases even fished live pupae out of the pitcher fluids and consumed them. Most T. tenax adults became ensnared in sticky webs once they emerged. Xenoplatyura beaveri larvae appeared to detect movements of T. tenax, and moved across its web to investigate. When the struggling of prey was detected, X. beaveri reacted by pulling it into pre-existing webs (electronic supplementary material, videos S1 and S2) and/or by encircling it in additional secreted webs (electronic supplementary material, video S3). After the prey was subdued, X. beaveri fed on the prey carcass at regular intervals, leaving and returning to it over the course of several hours, until the carcass was entirely consumed. Xenoplatyura beaveri larvae were observed to defecate into pitcher fluids after T. tenax meals (electronic supplementary material, video S4).
Although the small sample size used in the experiments may have limited the accuracy of model parameter estimates, overall trends between ammonium concentration and model fixed effects were very clear. The maximal model of ammonium concentration, containing all fixed effects examined, was by far the best model, containing 93.8% of model weights (table 1) . Fluid ammonium concentration was positively correlated with the number of T. tenax emerged in control vials (0.048 + 0.051 (mosquito larvae coefficient + 95% CI)), likely owing to the decomposition of T. tenax pupal exuviae that were left behind when T. tenax emerged. But this rate was far higher in the tubes containing X. beaveri (0.132 + 0.070 (mosquito Â treatment coefficient + 95% CI); figure 2) .
Three of the five X. beaveri individuals used in the experiments successfully pupated and emerged. The pupation and emergence of X. beaveri were associated with a significant rise in fluid ammonium concentration (1.773 + 0.515 (emergence intercept + 95% CI); figure 2).
Discussion
Results of our study demonstrate that the feeding behaviour of a terrestrial inquiline predator can result in the return of nutrients back into the phytotelma habitat. In the case of X. beaveri and N. ampullaria, this behaviour has a direct, beneficial effect on N. ampullaria, and may be classified as a nutritional mutualism [11] . The amount of nitrogen made available to N. ampullaria for every T. tenax consumed by X. beaveri (0.181 mmol) was comparable to that which a pitcher can obtain from its prey (for comparison, a N. gracilis pitcher obtains an average of 0.287 mmol of nitrogen from one medium-sized rsbl.royalsocietypublishing.org Biol. Lett. 14: 20170716 decomposition of its pupal exuviae or sticky webs, although this could not be ascertained. While direct host facilitation is evident from our data, it is possible that indirect effects of X. beaveri's predatory habit may have negative effects on N. ampullaria. Detritivorous inquiline dipteran larvae have been shown to facilitate nutrient sequestration in Nepenthes pitchers [2] ; so the predatory habit of X. beaveri can result in the loss of this service to N. ampullaria. Nevertheless, we argue that such an indirect negative effect is negligible for two reasons. Firstly, X. beaveri typically colonize pitchers after they have been first colonized by other dipteran larvae, and thus do not prevent dipteran larvae from fulfilling their mutualistic roles through their aquatic detritivorous habit. Early instar X. beaveri larvae appear to create only small webs to ensnare emerging phorids, and thus do not prevent ovipositing dipteran adults from entering the pitcher (figure 1b). Xenoplatyura beaveri colonization may thus be seen as a double benefit for individual pitchers, which benefit from the digestive services provided by aquatic detritivorous dipteran larvae, and then benefit additionally by the predatory effects of X. beaveri on these after they finish their aquatic life cycle. Secondly, the relatively low density of X. beaveri in the natural habitat makes it unlikely that population level effects of such predation would result in significant reductions in detritivorous dipteran inquiline species. Xenoplatyura beaveri were found in only 3.9% of randomly sampled, in situ N. ampullaria pitchers, while culicid larvae were found in 100% of these (RJY Lim, SH Wong, WN Lam & HTW Tan 2017, unpublished data). Aquatic predators such as the mosquito Toxorhynchites spp. are commonly found in Nepenthes pitcher phytotelmata, and these are known to strongly affect aquatic inquiline community structure [12] . However, the naturally low abundance of X. beaveri may mean that its effects on inquiline communities are less pronounced than those of other more common inquiline species. It is thus unlikely that X. beaveri predation of culicids would result in significant indirect negative effects on N. ampullaria through reduction in the density of its detritivorous nutritional mutualists.
Nepenthes ampullaria is a semi-detritivorous Nepenthes species that obtains a significant amount of its nitrogen from leaf litter collected in pitchers, and thus lacks several adaptations (viz. waxy inner walls, viscoelastic pitcher fluids) associated with arthropod prey retention [13] . Xenoplatyura beaveri webs may also assist N. ampullaria by ensnaring fallen prey and thus increasing prey retention probability (WN Lam 2017, personal observation). But if X. beaveri feed on these prey items as well, then it has the potential of being kleptoparasitic. Xenoplatyura beaveri's interactions with N. ampullaria prey is an interesting subject for further investigation.
These results show that a terrestrial inquiline predator can contribute to nutrient sequestration in the phytotelma it inhabits, and suggest that this interaction has a net mutualistic outcome for both species. This finding may further suggest that trophic complexity in phytotelma communities increases nutrient cycling through such systems.
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